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1 INTRODUCTION  
Physical models have been used for decades in hydraulic engineering, both for project design and for re-
search. They offer as main advantage the ability to reproduce the whole complexity of the prototype 
flows and transport processes, provided suitable scale factors and similarity rules are applied (Sutherland 
2011). However, challenging issues remain regarding accurate and minimally intrusive measurements of 
complex turbulent flow, processing of raw data, best estimations of measurement uncertainties. As a side 
benefit, physical models act as powerful communication tools in the promotion of projects and engineer-
ing solutions (ASCE 2000). 
The widespread use of numerical modelling by the hydraulic engineering community has developed 
for about 25 years. It has been built upon significant developments in the underlying mathematical mo-
dels, increasingly robust numerical solution techniques, as well as the striking breakthroughs in computa-
tional power. Once a numerical model has reached a satisfactory level of development and validation, the 
costs of application of the model may be extremely low compared to undertaking physical modelling. 
Numerical models may apply for very large areas and enable a high flexibility in terms of geometric 
changes or sensitivity analysis with respect to a number of input parameters and numerical characteristics 
of the model. Last but not least, numerical models enable to retrieve the evolution of flow variables eve-
rywhere in an intrinsically non-intrusive way. Nonetheless, the significance of the results of numerical 
simulations crucially depends on a number of modelling characteristics, including (Dewals et al. 2012; 
Sutherland 2011; Van Os 2004): 
− the processes actually included in the model (e.g. air entrainment, surface tensions, feedback of sedi-
ment transport on flow turbulence …); 
− the exact mathematical formulation of the set of governing equations (e.g., conservative vs. non-
conservative formulation of transport equations); 
− validity and simplifying assumptions in the closure relations for bed shear stress, sediment transport 
capacity, turbulence parameterization …; 
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− accuracy and resolution of boundary conditions and input data, such as bathymetry and topographic 
data, as well as initial conditions; 
− resolution time step, size of the grid cells and numerical scheme, which strongly influence the possible 
occurrence of artefacts (numerical oscillations, overshoots, …) and the degree of smearing of varia-
tions in flow parameters as a results of numerical diffusion … 
Today, the combined application of physical and numerical modelling, referred to as composite or hybrid 
modelling (Frostick et al. 2011; Novak 2010), is widely recognized as the most effective strategy for the 
in-depth analysis of complex flow and transport processes, both in basic research and for the design of re-
al-world projects. This is implicitly supported by the very standard procedure of validating numerical 
models against high quality experimental data considered as a reference (e.g., Erpicum et al. 2009b). A 
composite modelling approach aims at capitalizing on the benefits of a synergetic implementation of 
physical and numerical modelling as two highly complementary components (Erpicum Accepted; 
Sutherland 2011). 
In this paper we identify three main strategies to combine physical and numerical modelling for saving 
costs while enhancing the quality of the study, as sketched in Figure 1: 
− physical modelling embedded within a numerical model: physical modelling may be focused on a re-
stricted area of high complexity (e.g., near-field of a structure) and, therefore, based on a setup charac-
terized by a high scale factor enabling to minimize scale effects. Suitable boundary conditions are pro-
vided by a numerical model conducted at a larger scale, i.e. covering a wide area such as a whole 
reservoir as well as the reaches upstream and downstream of the structure of interest (Erpicum 
Accepted; Erpicum 2012) 
− interconnection of focused numerical and physical models: when multiple processes are involved, pos-
sibly at multiple scales, they may be addressed by using interconnected physical and numerical models 
which focus each on a specific part of the flow for which they turn out to represent the most suitable 
approach (Erpicum Accepted); 
− validation and extrapolation process: numerical modelling may be validated against experimental and 
subsequently used to extend the analysis beyond the range of parameters (e.g. flow conditions, geome-
try, time horizon …) which may be considered in the available experimental facility (e.g., Dufresne et 
al. 2011; Roger et al. 2009; Stilmant et al. 2012). 
Moreover, the numerical model may also be used to isolate the specific influence of individual processes, 
which could hardly be separated in the field or in experimental conditions. For instance, sediment 
transport is governed by the flow characteristics but it may also lead to significant feedbacks on the mean 
flow through a number of different processes (Figure 2) such as morphodynamic changes, roughness 
changes due to deposits and/or bedforms, as well as turbulence damping or enhancement by suspended 
load (Cao and Carling 2002). Whereas the respective effects of each of these processes may hardly be 
distinguished in an experimental test, numerical models may be used to quantify their relative importance 
by artificially separating them in the simulations. 
The different types of composite modelling are often combined within a single study. For instance, a 
micro-scale physical model, with a large scale factor, may be embedded within a broader scale numerical 
model, which is in turn just one component of a set of interconnected focused numerical and physical 
models, while other components are used within a “validation - extrapolation” procedure. 
In the following sections, we detail demonstrative examples of the three main strategies in hybrid 
modelling of low head hydraulic structures (sections 2 to 4), as well as one example of basic research 
supported by hybrid modelling (section 5). 
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3 CAPITALIZE ON THE RESPECTIVE STRENGTHS OF PHYSICAL AND NUMERICAL 
MODELS 
A composite modelling strategy may involve several numerical and physical models, each applied to 
study the range of processes, space- and time-scales for which they are best suited. Those models are in-
terconnected in the sense that they exchange data, mainly boundary conditions and offer thus a synergetic 
implementation of multiple and complementary focused models. 
Such an approach has been followed in the analysis of a project located in an Alpine valley, in which 
low-head hydropower schemes have been in operation for over a century. It consists in the replacement of 
five old hydropower schemes by a single one, which will produce almost 50 % more power than the total 
of the existing ones. Project implementation is scheduled to last about 10 years and involves the follow-
ing hydraulic engineering works: 
− building of a new dam (4.5 m high, 40 m wide) and water intake in the upstream part of the river sec-
tion, 
− construction of a tunnel through the mountain to reach the new underground hydropower plant located 
downstream of the existing schemes, 
− restoration of the river section where the existing schemes are located and which will be bypassed as a 
result of the construction of the new scheme. 
Consequently, a number of hydraulic engineering issues need to be addressed to guide the implementa-
tion of the project, including: 
− estimation of the trapping efficiency of the reservoir upstream of the new dam (storage capacity: ap-
proximately 200,000 m³), 
− computation of the sedimentation rate in the reservoir and prediction of the location of the deposits, 
− evaluation of the performance of sediment management options, such as hydraulic flushing, 
− overall hydraulic optimization of the shape of the new water intake and specific optimization of the 
transition from a free surface flow in the water intake to an under pressure flow in the penstock, 
− analysis of the hydraulic impact and the efficiency of a partially submerged wall in front of the trash 
rack to divert small fishes from passing through the grille, 
− simulation of flood levels upstream of the new dam, both in the planned situation and at different stag-
es of construction, 
− design of the restoration plan to ensure stability of the riverbed after decommissioning of the five ex-
isting low-head dams. 
Neither a single numerical model nor a single physical model would be suited to cover all those seven 
items in order to inform properly the project engineers. In contrast a combination of focused numerical 
and physical models have succeeded in delivering reliable, accurate and effective results to illuminate de-
signers concerning the most crucial hydraulic issues of the project. Table 1 summarizes the developed 
strategy, strongly based on composite modelling. The most significant parts of the analysis are further de-
tailed in the following paragraphs. 
3.1 Reservoir sedimentation and measures for sustainable sediment management 
The catchment is characterized by very steep slopes and the tributaries include several mountain streams. 
Therefore, significant amounts of sediment deposits are expected in the reservoir during flood periods. 
Complementary numerical models have been applied to evaluate the cut-off diameter of the new reser-
voir, the equilibrium bed profile in the reservoir as well as to assess the feasibility and effectiveness of 
flushing operations. 
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3.1.1 Cut-off diameter of the reservoir 
First, a numerical model has been used to evaluate the grain size of sediment particles likely to reach the 
water intake at the beginning of the operation of the new reservoir. To this end, a two-step procedure has 
been followed: 
− the reservoir hydrodynamics was first simulated by a flow model for normal operation conditions. A 
grid spacing of 1 m by 1 m has been used as well as a two-length-scale depth-averaged k-e turbulence 
model (Erpicum et al. 2009b). 
− next, the flow field was analysed in terms of sediment transport capacity in the reservoir, by means of 
particle tracking algorithm (Figure 5), to predict the maximum size of grains able to reach the water in-
take and, therefore, to cause to accelerated degradation of the turbines blades. 
3.1.2 Profile of the balance retained in the absence of specific management 
Second, the long-term equilibrium profile of the bathymetry of the reservoir was computed using a se-
quential resolution of a flow model and of a model for sediment transport and morphodynamics (Figure 
6). The sensitivity of the final result was analysed and was found reasonably small with respect to the 
main sediment characteristics such as grain size, whereas the amount of sediment supply from upstream 
has a much greater influence on the equilibrium profile. 
3.1.3 Efficiency of flushing operations 
Finally, the rapid and highly transient flow and morphodynamics changes during flushing operations 
were simulated using a synchronous resolution of a flow, a sediment transport and a morphodynamic 
model (Figure 7). These simulations confirmed the efficiency of flushing operations conducted based on 
discharges of return periods of the order of 1 year. The volume of sediments scoured in the reservoir was 
compared to the amount of water released during the whole flushing operations, which enabled to define 
an optimal duration for the flushing, corresponding to the time during which the efficiency of the opera-
tion remains high. 
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Table 1. Interconnection of focused numerical and physical models in the study of a hydropower project. 
Issue 
Type of 
analysis 
Objective 
Spatial 
extent 
Space scale of 
the analysis/  
Scale factor 
Time scale of 
the analysis 
Relevant 
processes 
Trapping  
efficiency of 
the new  
reservoir 
Numerical 
model for 
flow and sed-
iment trans-
port 
Estimate the 
cut-off  
diameter  
of the  
reservoir 
5 km  
(up-
stream 
reser-
voir) 
1 m  
(= grid spacing) 
< 1 hour (trav-
elling time 
through the 
reservoir) 
Turbulent 
flow and sed-
iment trans-
port 
Sedimenta-
tion in  
the new  
reservoir 
Numerical 
model for 
flow,  
sediment 
transport and  
morpho-
dynamics  
Compute the 
equilibrium  
bathymetry 
in the reser-
voir and  
estimate  
the time 
5 km  
(up-
stream 
reser-
voir) 
1 m  
(= grid spacing) 
2 to 5 years 
(sequential 
resolution of 
the numerical 
model) 
Turbulent 
flow,  
sediment 
transport and 
morpho-
dynamic 
changes 
Sediment 
management  
options 
Numerical 
model for 
flow,  
sediment 
transport and 
morpho-
dynamics 
Compare the 
efficiency of 
different sce-
narios of 
flushing op-
erations 
5 km 
(up-
stream 
reser-
voir) 
1 m  
(= grid spacing) 
24 to 48 hours 
(synchronous 
resolution of 
the numerical 
model) 
High veloc-
ity flow, sed-
iment ero-
sion and 
rapid  
morpho-
dynamic 
changes 
Overall 
shape opti-
mization of 
the water in-
take 
Numerical 
model for 
flow 
Find the op-
timal geome-
try of the wa-
ter intake 
190x275 
m 
0.25 m  
(= grid spacing) 
None (constant 
discharges) 
Turbulent 
flow 
Specific op-
timization of 
the outlet 
from the res-
ervoir 
Scale physi-
cal model 
Effect of a 
submerged 
wall in front 
of the trash 
rack to divert 
fishes 
60x110
m 
1:20 
None (constant 
discharges) 
Turbulent 
flow, current 
patterns 
Specific op-
timization of 
the inlet into 
the penstock 
Scale physi-
cal model 
Study the 
risk of vortex 
formation 
40x4.2m 1:14.58 
None (constant 
discharges) 
Turbulent 
flow, vortex 
formation 
Simulation 
of flood lev-
els  
upstream  
of the  
new dam 
Numerical 
model for 
flow 
Estimate de-
sign  
levels for 
flood  
protections 
5 km  
(up-
stream 
reser-
voir) 
1 m  
(= grid spacing) 
None (constant 
discharges) 
Turbulent 
flow 
River  
restoration 
Numerical 
model for 
flow 
Plan the  
decommis-
sioning of 
the existing 
dams 
10 km  
(by-
passed 
river 
section) 
1 m  
(= grid spacing) 
Flood  
duration (Q1, 
Q10, Q100, Q500) 
Turbulent 
flow, bed 
shear stress, 
stability of 
armour  
layer 
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(a) (b)
(c)
Figure 5. Tracking of sediment particles in the downstream part of the reservoir. The region in light color defines the envelope 
of the trajectories of the particles for grain sizes of (a) 0.425 mm, (b) 0.300 mm, (c) 0.250 mm. 
(a)    (b)
Figure 6. Initial reservoir bathymetry (a) and simulated equilibrium profile (b). 
(a)
(b)
(c)
Figure 7. Evolution of the reservoir bathymetry during a flushing operation. 
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3.2 Optimization of the water intake based on combined numerical and physical modelling 
The water intake structures, located close to the dam on the right bank of the river, have to divert from the 
main stream the discharge to the power plant, whatever the upstream level and the discharge in the reser-
voir. In addition, they have to prevent sediments, floating debris, air and fishes to enter the penstock, 
while minimizing head losses affecting the power plant efficiency. 
The design of the water intake structures has been defined by successive and complementary applica-
tion of both numerical and physical modelling approaches. A first numerical model has been used to de-
fine the overall geometry of the water intake structures, from the reservoir to the penstock inlet. The flex-
ibility and the rapidity of numerical modelling enabled to test quickly a large range of geometry 
modifications to objectively suggest an optimized solution. In a second time, two large scale factor physi-
cal models have been built to analyse in details specific flow features which were not satisfactorily repre-
sented in the numerical model. The boundary conditions of these scale models have been defined from 
the numerical model results. The first scale model, with a 1:14.6 scale factor, has been used to analyse the 
risk of vortex formation at the transition from the free surface flow in the water intake to an under pres-
sure flow in the penstock. A specific anti-vortex structure has also been designed and validated by using 
this dedicated physical model. The second scale model, with a 1:20 scale factor, enabled to analyse the 
effect on the free surface currents in the reservoir close to the dam of a partially submerged wall in front 
of the trash rack, with as main purpose to create a surface current diverting the small fishes from the wa-
ter intake and guiding them to the mobile dam right bay, where the minimum discharge in the down-
stream river is continuously released. 
3.3 Stability of the riverbed after decommissioning of the existing dams 
More and more efforts are undertaken to restore rivers in a state close to their natural conditions, with the 
particular motivation of fulfilling the requirements of the Water Framework Directive 2000/60/EC (e.g., 
Borja et al. 2006). Like in many other on-going projects, river restoration was also part of the present one. 
Besides restoration measures such as fish passages, bank restoration, bars or meanders, decommission-
ing of man-made structures is another important component of river restoration schemes (Raven et al. 
2002). It enables to restore the longitudinal connectivity (migration of species for reproduction, food pro-
visioning, etc.) and, in some instances, also the lateral connectivity (exchanges between rivers and ripari-
an ecosystems). However, such interventions can have significant impacts on river, hydraulics and mor-
phology, including bed degradation or aggradation and bank failures.  
Although small scale river restoration projects, such as local rip rap or fish ladders, may be assessed 
based on relatively simple analyses and some degrees of trial and error approach, large scale river restora-
tion projects, such as decommissioning of dams, require far more comprehensive and detailed analyses 
(Parasiewicz 2001). In particular, due to the high investment costs of these projects and the possible large 
scale impacts, trial and error approach must be avoided. For this kind of large projects, multidimensional 
flow and morphodynamic modelling constitute a very valuable support. Detailed flow modelling enables 
to detect erosion-prone areas where caution should be taken regarding bed and banks stability, as well as 
to evaluate the variability of flow parameters (for fish reproduction, spawning, etc.). To achieve this goal 
in the project discussed here, we have implemented a methodology which relies on 2D flow modelling to 
evaluate scenarios of river restoration based on several criteria related to flow, sediment transport and 
ecological objectives. 
Figure 8 shows the general methodology developed to identify optimal restoration projects. First, both 
the topographic model and the boundary conditions for flow modelling are set up. The former constitutes 
a key input data, mainly in the riverbed, because it directly governs flow velocity and sediment transport. 
The accuracy of the dataset is therefore crucial. As the riverbed stability is one of the most important con-
straints of the restoration project, upstream discharge is taken close to the effective discharge, which 
transports the largest fraction of the bed-material load. The downstream boundary condition is prescribed 
as a free surface elevation of a location where this value is known from a rating curve (e.g., weir) or a 
gauging station. The mesh size is then determined from a trade-off between the expected result accuracy 
and the computational time. The second step consists in the calibration of parameters, such as a friction 
coefficient, using reference data (e.g., field survey, flood levels). Next, using a flow model, the present 
situation is modelled as a comparison basis. Restoration scenarios, which consist in local topography 
changes of the present situation, are implemented to create modified topographic models. If computed re-
sults, such as flow velocity, bottom shear stress and water depth on the new configuration comply with 
riverbed stability criteria and satisfy restoration objectives, then a satisfactory project is reached. 
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Figure 8. Developed methodology to evaluation river restoration scenarios (Rulot et al. 2012). 
Several scenarios have been defined differing by the topography modifications at water intakes. The con-
figuration in which all dams are removed and replaced by a more natural river section referred to as “sce-
nario 1”. Other restoration scenarios involve widening of the river to create valuable wetlands. The com-
parison between restoration scenarios and the present situation is mainly based on:  
− Differences in water depths; 
− Difference in flow velocity; 
− Shields parameter (i.e. non-dimensional shear stress, governing inception of sediment transport). 
As an example, comparing Shields parameter values between the present situation and “scenario 1” re-
veals that typical boulders (d ~ 20 cm) are not set into motion in the present situation, while they are very 
likely to be moved by the flow in this restoration scenario. This is just one example of outputs of the flow 
simulations, which provide valuable information to support the selection of the optimal restoration sce-
nario. Several additional scenarios have also been tested. 
4 VALIDATION AND EXTRAPOLATION PROCESS 
Numerical models may be validated against experimental results, and subsequently used to extend the 
analysis beyond the range of parameters which may be considered in the available experimental facility 
or to speed up the analysis of geometry modifications before a final validation on the scale model. In ad-
dition, a physical model has often to be destroyed after testing and analysis (Sutherland 2011) while a 
numerical model can last. The latter, if well calibrated and documented, is thus extremely useful if it is 
needed to return to a study…   
20



Figure 14. Numerical model - Froude number distribution on the spillway – Existing geometry (left) 
and proposed rehabilitated design (right) 
The numerical model has been used in a second step to rapidly test several sill and channel profile modi-
fications, in order to find the solution which minimizes the excavation but ensures high enough discharge 
capacities. In particular, it has been verified that the control section is always located on the top of the 
weir, with thus a Froude number higher than one through all of the three bays (Figure 14). 
Finally, the optimized geometry defined using the numerical model has been validated on the scale 
model (Figure 15), to demonstrate definitively its performances. 
(a)  (b) 
Figure 15. Final design - Physical (a) and numerical (b) modelling 
5  QUANTIFYING THE RELATIVE INFLUENCE OF DIFFERENT PROCESSES 
Field observations provide without doubt the most realistic figure of the complex interconnected process-
es governing flow and sediment transport in real-world conditions. However, interpretation and basic un-
derstanding of the underlying physics may be complicated in the case of field measurements due to the 
high degree of complexity of interconnected processes which influence the observations. Therefore, ex-
perimental conditions are often preferred and offer a complementary view by enabling to replicate the 
main features of a flow situation of interest in a controlled environment. Nonetheless, even in an experi-
mental setup, such a flume, not all influences may be controlled separately. In contrast, the somehow vir-
tual environment created by numerical simulations enables to distinguish between individual effects, such 
as those sketched in Figure 2. This type of investigation may contribute to a better identification of the 
relative importance of several factors influencing flow and sediment transport. 
In this section, we present a recent basic research on hydrodynamics and sedimentation in shallow rec-
tangular reservoirs, which may be common appurtenant structures of low head hydraulic projects and are 
Fr<1 
Fr>1 Fr>1 
Fr>1 
Fr<1 
Fr<1 
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During the experiments presented here, the water depth was fixed at h = 0.2 m for a constant discharge of 
Q = 7 l/s. The resulting Froude number and Reynolds number are Frin = Q/(bh)/(gh)1/2 = 0.1, 
Rein = 4ρQh/(bhμ) = 112,000 (turbulent flow), both referring to the inlet channel. 
Velocities were measured at 8 cm from the reservoir bottom by UVP, first during clear water tests, 
then during tests with sediment supply, in order to investigate the possible influence of suspended load 
and/or of sediments deposits on the flow patterns. Vector velocity maps were produced for all the tested 
reservoir configurations. The time-averaged local horizontal velocity V at every measurement point was 
normalized to the average theoretical plug flow velocity Vres = Q/(B·h) = 8.75 mm/s assuming the basic 
hypothesis of a one-dimensional motion of the whole discharge Q through the cross section B h. Figure 
18 shows the distribution of the normalized average horizontal velocities Vnd = V/Vres in the entire reser-
voir for the so-called L-R configuration, i.e. with inlet and outlet channels located respectively on the left 
and right sides of the reservoir centreline. The velocities along the main jet have a minimum in the order 
of 100 mm/s, while in the centre of the recirculation zones, velocity reaches a minimum of about 10 – 
20 mm/s. The right hand side of Figure 18 corresponds to the flow patterns measured after 4 hours of sed-
iments supply. The flow pattern which developed during tests with suspended sediments is different from 
the one developing during clear water tests (Camnasio et al. 2012). 
Sediment deposits thickness on the entire reservoir bottom was measured by a laser method after 2 
hours and after 4 hours of sediment supplying. The laser was placed in a water-proof box attached to the 
movable metal bar, at a known height from reservoir bottom. The voltage given by the laser is linked to 
the distance of the laser light source from the top of the sediments deposits, through a calibration line cal-
culated for the instrument under real operating conditions. The current intensity signal coming from the 
laser was first converted into a voltage signal. Then it was sent to the PC by a USB high-speed data ac-
quisition module. 
5.3 Numerical modelling 
Figure 19 shows profiles of the longitudinal velocity in different cross-sections of the reservoirs, as simu-
lated with a k-ε turbulence model for the initial situation with a flat bottom and for the bathymetry ob-
tained after 4 hours of sediment deposition. The results follow closely the experimental observations, 
both in the recirculations and in the main the jet. Changing the bottom roughness would lead to hardly no-
ticeable changes in the velocity profiles, which is in agreement with Babarutsi et al. (1989) and Chu 
(2004) for unilateral expansions: since the bed friction number remains here very low, the flow is classi-
fied as “non-frictional” and is thus not influenced by the roughness. When the topography corresponding 
to sediment deposits is considered, the velocity increases by up to 10% in the centre of the jet and the 
change of flow pattern is visible in the cross-sectional profiles. 
To analyse the feedback effect of morphodynamic evolution on the flow pattern, the time evolution of 
the measured thickness of sediment deposits has been implemented in the flow simulation as a time-
varying topography. Four hours of flow have been simulated, corresponding to the total duration of the 
experiments with sediments. Since only three maps of measured sediments deposits were available (initial 
condition, deposits after 2 h and deposits after 4 h), linear interpolation in time has been used for the in-
termediary time step.  
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fluence on the flow characteristics of changes in the reservoir bathymetry and in the bottom roughness as 
a result of sediment deposits. These two influences could hardly be separated if the research relies solely 
on physical modelling and not on composite modelling. 
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